Because methanogens have a relatively short retention time in flowing water, mountain streams are generally considered unsuitable for their growth. However, litter-covered stream edges and sandbars of mountain streams are potential CH4 emission areas because methanogens can persist at such sites. In the present study, we focused on these possible CH4 sources. To evaluate spatial variations in CH4 emissions from sites near a mountain stream, we installed 46 chambers on the stream bed and its edge. We observed high CH4 emission rates from the sandbars in the stream and from the stream edge when they were covered with leaf litter. In contrast, from chambers located upslope away from the stream or below the water level in the stream, we observed almost no CH4 emissions. To evaluate the effect of litter covering the soil, we experimentally put 20 g or 40 g (dry weight) of leaves, woody tissue, or acorns from Quercus serrata Murray into closed chambers and observed the CH4 flux weekly between 2 April and 22 October 2009. We observed the highest CH4 emission rates in chambers with 40 g of leaf litter; in these chambers, the oxidation-reduction potential (ORP) was negatively correlated with the CH4 emission rate. These results suggest that CH4 can be emitted from sandbars and edges of mountain streams, with larger emissions occurring when surfaces are covered with leaf litter and when ORP is low and the soil temperature high. To evaluate the overall role of the forest in CH4 circulation, further studies of CH4 emissions from mountain stream sites covered with leaf litter are needed.
Introduction
Methane (CH4) is an important greenhouse gas, contributing about 20 of current radiative forcing, and a key compound governing hydroxyl radical concentrations, a strong regulator of atmospheric chemistry (IPCC, 2001) . In the overall role in CH4 circulation, upland forests are considered to be net sinks for CH4 through consumption by methanotrophs in soil. However, some studies have suggested that upland forests may be larger sources of CH4 than previously believed.
For example, Frankenberg et al. (2005) showed in an analysis of satellite data that concentrations of atmospheric CH4 above upland forests are far greater than would be expected from ground-based emission inventories conducted in tropical rainforests. CH4 concentration profiles measured in three upland forests in the Brazilian Amazon revealed the existence of a CH4 source within the lower 10 m of the forest canopy (Carmo et al., 2006) . Moreover, nighttime pooling of CH4 at 2 m above the soil surface was observed at mixed forest and savanna sites (Scharffe et al., 1990; Crutzen et al., 2006) . In addition, Miyama et al. (2010) observed that the CH4 concentration was slightly higher at canopy height when friction velocity (u*) was lower than 0.3 m s -1 in the profile measurements of the 43 Short Paper
Yamashiro Experimental Forest. However, CH4 emission points in forests have not been sufficiently evaluated. Itoh et al. (2005) found that CH4 was consumed in dry areas and emitted from wetlands in an upland forest in Japan, and the wetlands emission rate was three orders of magnitude higher than the uptake rate. Such wetlands are not common in forests, however, owing to the strong water flow of Japanese mountain streams and the complex terrain. Hill and Cobb (1996) studied CH4 emission from anaerobic digesters with water flow of livestock waste and found that a long retention time of methanogens is important for a high CH4 emission rate. We hypothesized that the retention time of methanogens might be the most critical factor accounting for spatial variation in CH4 emissions along Japanese mountain streams. Most Japanese mountain streams flow across steep mountainous terrain; thus, substrates for methanogen growth would be relatively easily flushed out from the stream bed sediment by the water's flow. On the other hand, the edge of such streams, and also small sandbars, when covered with a large amount of leaf litter, would act as barriers to water flow. In addition, the organic matter might also function as a substrate for decomposition by methanogens. Therefore, in this study, we focused on CH4 emissions from sandbars and the edge of a mountain stream covered with litter. We observed spatial and temporal variations in the CH4 flux and the effect of different kinds of litter on CH4 emission from sediments along a mountain stream in a broadleaf forest.
Materials and Methods

Site description
Deciduous and evergreen mixed broadleaf forests are widely distributed throughout Japan. The Yamashiro Experimental Forest (YEF) is located in a valley in a mountainous region of western Japan (Kizugawa City, Kyoto Prefecture; 34°47'N, 135°50'E; 220 m a.s.l.). The hillslope between the ridge top and the valley bottom is steep (about 30°), but the slope of the main river channel is gentle (about 5°). The valley is underlain by weathered granite, and the soil is generally thin, immature, and sandy. A study carried out in 2001 found that soil moisture ranged between 0.03 and 0.19 m 3 m -3
, with small spatial variation (Tamai et al., 2005) . A more recent study found that the estimated soil carbon storage was about 80 Mg C ha -1 , and the mean rate of increase in soil organic carbon storage was 0.31 0.11 Mg C ha -1 year -1 from 1994 to 1999, which represented about 12 of the litter input during this period (Kominami et al., 2008) . The annual mean temperature in 2002 was 15.5 , and as of that time the hourly maximum and minimum temperatures in August and January were 34.8 and 3.9 respectively. Annual mean precipitation from 1994 to 2002 was 1449 mm; the rainy season was from late June through early July, and typhoons occurred during the summer and fall.
The forest consists of more than 50 deciduous (mainly Quercus serrata Thunb ex. Murray) and evergreen (mainly Ilex pedunculosa Miq) broadleaf species. The forest exhibits extreme seasonal changes in leaf area index, respiration, and photosynthetic rate (Miyama et al., , 2006 , which is typical of the mixed forests in western Japan. The forest canopy is closed, and the canopy height is about 12 m on average. Every 5 years since 1994, researchers have surveyed the diameter at breast height (DBH) of all trees ( 3 cm) in the forest . The census area at the study site covers 1.7 ha. In the census area, the tree density is 5953 stems ha -1 and the total basal area of evergreen species and deciduous species is 6.3 m 2 ha -1 and 13.3 m 2 ha -1 respectively. The forest is composed of many small trees; the average DBH is only 7.4 cm. Based on the allometric relationship beween DBH and biomass and the results of the DBH census, deciduous trees account for 68 of the total aboveground biomass of 52.53 tC ha -1 in the forest . The 3-year mean annual net ecosystem exchange from 2000 to 2002 was estimated to be -1.23 t C ha -1 year -1 , with the negative flux indicating a net carbon gain (Kominami et al., 2008) .
In the present study, we conducted CH4 flux measurements along a mountain stream in YEF to evaluate spatial and temporal variations in CH4 emission. The measurement sites are shown in Fig. 1 . We also performed measurements along the stream bed in the forest census area, where the annual litterfall amount and microtopographic data were available . The measured wet area occupied 0.7 (115 m 2 ) of the census area (1.7 ha).
Methods 2.2.1 Closed-chamber method
We used the closed-chamber method to measure CH4 flux (Fig. 2) . The chambers equipped with lids were 20 cm in diameter and 15 cm high and made from polyvinyl chloride pipe. The lower 5 cm was inserted into the soil. About 0.3 L of enclosed air was sampled into a Tedlar bag (1 L, DuPon, USA) before and 10 minutes after the chamber was closed. The CH4 flux was determined by linear regression of concentration against time, as follows (Itoh et al., 2009) 
where the CH4 flux (F) is equal to the linear change in the concentration within the chamber (dc/dt) multiplied by the density (t) of the chamber air and the ratio of the chamber volume (V) to the soil area within the chamber (A).
Analysis of the CH4 concentration
We used a Shimadzu (Japan) GC15A gas chromatograph equipped with a flame ionization detector (GC-FID) and a self-produced automated air sampler to transfer air from the Tedlar bags for analysis of CH4 concentrations in the laboratory. With the GC-FID, we used a packed SHINCARBON ST column (Shinwa Chemical Industry, Japan; stainless steel, 2 m 3 mm i.d.; column temperature, 70 ; carrier gas, N2 at 60 mL min -1 ; detector temperature, 200 ; sample size, 2 mL). The calibration curve was determined by using two standard gases (0.995 and 9.140 ppm at 35 ; Sumitomo Seika Fine Chemicals Research Laboratory, Japan). The precision was 0.5 (relative standard deviation) based on 10 replicate measurements. Sampled air was analyzed within 2 days of collection (Sakata et al., 2004) .
The CO2 concentration was also measured using the same air samples and a closed-path CO2 infrared gas analyzer (Model LI-840, Li-Cor, USA) after the CH4 analysis.
Measurements of environmental factors
Soil temperature, water depth, soil water content, and the oxidation-reduction potential (ORP) were measured on site using a thermistor (Model HI 98509, Hanna Instruments, Italy), a steel rule, an amplitude domain reflectometry meter (ML2x, Delta-T Devices, UK), and a platinum-probe ORP meter (Model ER-1000; Line Precision Instruments, Japan), respectively. Soil Hashimoto et al. (2010) reported that there were very large temporal and spatial variations in CH4 emission rate in YEF. Therefore, to evaluate variations in CH4 emission near the edge of the stream, we inserted eight chambers at 20-cm intervals along a straight line from the middle of the stream (W1) to a point upslope of the stream's edge (W8) under natural litter conditions. The point of the highest chamber (W8) was 2.8 m far from the edge of the stream. We measured the CH4 fluxes in these chambers weekly from 15 April to 25 December 2009.
Effect of litter on CH4 emission
To evaluate the effect of different kinds of litter cover on CH4 emissions, we installed seven chambers in submerged soil covered with litter in an experimental plot for repeated measurements. The water level of the plot was kept at least 1 cm above the soil surface during the measurement period by sand bags. The detailed design of the plot has been reported previously (Hashimoto et al., 2010) leaves, woody tissue, or acorns from Q. serrata were placed into the seven chambers. In YEF, the mean dry weight of leaf litter on the upland forest floor and in the stream has been estimated as 10.7 g chamber -1 (i.e., 340 g m -2
; Goto et al., 2003) and 53.0 g chamber -1 (i.e., 1688 g m -2
; Fig. 3 ), respectively. The CH4 flux was measured in the experimental plot weekly between 2 April and 22 October 2009. Figure 3 shows the spatial variation in the CH4 flux, water depth, and amount of litter in the stream. The measured mean dry weight of leaf litter in the stream (1710 g m -2 , n 38) exceeded five times the mean value in the forest (340 g m -2 ; Goto et al., 2003) and had a large standard deviation (S.D., 3867 g m -2
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CH4 emission from the stream bed
). There were large amounts of woody tissue in the upstream plots (points No. 31 and 32), but CH4 emissions observed at those points were similar to other locations. CH4 emissions were large where the water level was low, on sandbars covered with leaf litter. These results suggest that the CH4 emission sources were heterogeneous in the stream, and that weak water flow might be an important cause of large CH4 emissions from mountain streams. In addition, a sandbar covered with a considerable amount of leaf litter might retain methanogens longer than locations with little or no leaf litter. To clarify the mechanism of CH4 emission from sandbars in the stream, there is a need for continuous measurements of CH4 flux, ORP, and dissolved oxygen concentration under litter deposition. Figure 4 shows the spatial variation in CH4 fluxes near the stream during the measurement period. The highest CH4 emission was observed at the stream's edge (Fig. 4, W2) . Low CH4 emissions were also observed very occasionally in summer on the lower slope (W3, W4), very little CH4 was emitted from the sampling point within the stream (W1) or from those on the upper slope. Figure 5 shows a time series of the CH4 flux at sampling points W2 and W3. On 9 July, an annual maximum emission peak was observed at W2 as the water depth receded after a period of high water depth. Emissions from W2 decreased on 17 and 23 July, possibly because of consecutive clear days (between 7 and 18 July) and heavy rainfall (109 mm in total between 19 and 22 July). This temporary decrease suggests that CH4 emissions were strongly depressed by dry condition and high water flow. In addition, at sampling point W3, about 20 cm upslope from W2, a small CH4 emission peak was observed 1 week before the CH4 emission peak at W2 on 5 August. These results suggest that large CH4 emissions mainly occur at the stream's edge in summer under low water and wet conditions. However, during flooding caused by heavy rain, the emission area may be temporarily wider owing to the higher water level of the stream. When the stream edge is covered by leaf litter, the soil might retain methanogens longer. The edge of the stream at W2 was covered with leaf litter, but the amount was not measured. To analyze changes in the , mean S.D., n 23). Leaves are flatter and have a larger surface area than other organic litter (woody tissue and acorns); thus, we inferred that the layer of leaf litter covering the submerged soil acted as a barrier to water flow, allowing the soil to retain more methanogens and for a longer time. Figure 7 shows the temporal variations in the CH4 flux and water level in the chamber with 40 g of leaf litter between 15 April and 17 September. The CH4 emission rate was not constant, but showed large, sharp fluctuations. Water depth also fluctuated greatly during this period. Peaks of CH4 emission were observed when the water depth was low, which occurred after more than two consecutive clear days. In sunny weather, submerged soil might be expected to retain methanogens for longer, but we observed low CH4 emissions even under low water conditions. Decomposing organic matter can also serve as a substrate for methanogens, and some methanogens use CO2 as a source of carbon. To clarify in detail the , mean S. D, Morishita et al., 2007) , but the maximum CH4 emission rate that we observed in the plot was very large (32.96 and 84.48 µg CH4 m -2 s -1 on points of W2 and leaf (40g)). Only 0.7 of the census area was wet in YEF, but if large CH4 emissions occur at several places along streams, their contribution to total YEF emissions might not be negligible. On the other hand, such large emissions might be caused by sudden bubbling of accumulated CH4 in the soil and artificial effects of chamber's wall. To confirm the actual temporal pattern of emissions in chambers, continuous measurements should be conducted with an online fast CH4 analyzer in the future. Figure 8 shows the relationship between ORP and CH4 flux in the chamber with 40 g of leaf litter for negative values of ORP. Negative ORP values were observed during periods of consecutive sunny days in summer. ORP and the CH4 emission rate were negatively correlated (r -0.70, p 0.05). At low temperatures below 15 , high rate of CH4 emission were not observed (Fig. 9) . The methanogen species with the lowest known optimum growth temperature is Methanogenium frigidum (15 , Franzmann et al., 1997) . At temperatures above 22 , CH4 emission rates were markedly high in each chamber. These results suggest that stream edge soils and sandbars covered with leaf litter under wet and low flow conditions after a period of consecutive hot sunny days in summer might create suitable habitat for methanogens. After wood ceased to be an important source of domestic fuels, the stock of litter in forests has increased. To estimate forest CH4 emission levels, we should pay more attention to mountain stream edges and sandbars covered with leaf litter, especially in summer.
CH4 emissions from the stream edge
Conclusion
In this study, we focused on sandbars and stream edges covered with leaf litter as sites of high CH4 emissions. We also observed high CH4 emission rates in a chamber in which the soil surface was covered by a large amount of leaf litter, and in this chamber, ORP and the CH4 emission rate were negatively correlated. These results suggest that sandbars and stream edges of low flow rate covered with leaf litter might retain methanogens longer than the same sites without leaf litter, and the CH4 emission area might be larger when ORP is low and the soil temperature is high in summer. To evaluate the overall role of the forest in CH4 circulation, further studies of CH4 emissions from mountain stream edges and sandbars covered with leaf litter are needed.
